Abstract Reduced circulating levels of IGF-1 have been proposed as a conserved anti-aging mechanism that contributes to increased lifespan in diverse experimental models. However, IGF-1 has also been shown to be essential for normal development and the maintenance of tissue function late into the lifespan. These disparate findings suggest that IGF-1 may be a pleiotropic modulator of health and aging, as reductions in IGF-1 may be beneficial for one aspect of aging, but detrimental for another. We postulated that the effects of IGF-1 on tissue health and function in advanced age are dependent on the tissue, the sex of the animal, and the age at which IGF-1 is manipulated. In this study, we examined how alterations in IGF-1 levels at multiple stages of development and aging influence overall lifespan, healthspan, and pathology. Specifically, we investigated the effects of perinatal, post-pubertal, and late-adult onset IGF-1 deficiency using genetic and viral approaches in both male and female igf f/f C57Bl/6 mice. Our results support the concept that IGF-1 levels early during lifespan establish the conditions necessary for subsequent healthspan and pathological changes that contribute to aging. Nevertheless, these changes are specific for each sex and tissue. Importantly, late-life IGF-1 deficiency (a time point relevant for human studies) reduces cancer risk but does not increase lifespan. Overall, our results indicate that the levels of IGF-1 during development influence late-life pathology, suggesting that IGF-1 is a developmental driver of healthspan, pathology, and lifespan.
Introduction
One of the central dogmas in the aging field is that the loss of growth signals, including insulin-like growth factor-1 (IGF-1), have beneficial effects on longevity. Decreased growth hormone and IGF-1 levels throughout life have been shown to increase lifespan in several model systems, including Caenorhabditis elegans, Drosophila, and dwarf mice (Bansal et al. 2015; Bartke et al. 2000; Brown-Borg et al. 1996; Richardson et al. 2004; Rincon et al. 2005; Sonntag et al. 1999 Sonntag et al. , 2005 . Within the dwarf mice, decreased incidence of cancer and reduced cancer metastasis likely contribute to the observed lifespan extension (Bartke and Brown-Borg 2004; Ikeno et al. 2003 Ikeno et al. , 2009 ). However, the antiaging effects of reduced IGF-1 remain controversial since IGF-1 is required for normal tissue development and maintenance of tissue throughout life. The importance of maintaining IGF-1 levels throughout the lifespan is supported by studies that show IGF-1 replacement later in life improves tissue function (Markowska et al. 1998; Ramsey et al. 2004; Sonntag et al. 2000) . Moreover, a recent study in C. elegans indicated that while ablation of the IGF-1 homolog (daf2) significantly increased lifespan, it did not proportionally increase the healthspan (e.g., the period of healthy aging). The long-lived mutants exhibited a longer period of functional incapacity, suggesting that reduced IGF-1 levels do not support health in advanced age. Consistent with this concept, we recently reported that IGF-1 deficiency throughout the lifespan resulted in impaired bone structure and function and accelerated the age-related decline in cognitive function. Additionally, deficiency of IGF-1 was shown to impair neurovascular coupling and cognitive function (Toth et al. 2015) . Together, these data suggest that the effects of IGF-1 deficiency are highly pleiotropic and may delay or suppress some age-related pathologies but accelerate others.
It is possible that the disparate effects observed with IGF-1 on healthspan and lifespan are related to the period of life in which IGF-1 is manipulated. A majority of the studies suggesting that reduced IGF-1 is beneficial for aging are based on models that exhibit a constitutive deficiency of IGF-1 beginning early in life (Bansal et al. 2015; Bartke et al. 2000; Brown-Borg et al. 1996; Richardson et al. 2004; Rincon et al. 2005; Sonntag et al. 1999 Sonntag et al. , 2005 . Based on models that restore IGF-1 levels late in life, other studies have suggested that the age-related loss in IGF-1 is detrimental for aging (Markowska et al. 1998; Ramsey et al. 2004; Sonntag et al. 2000) . While the results of these studies present highly conflicting viewpoints of the actions of IGF-1, it is difficult to fully compare the studies since each uses different model systems and time points for the initiation or replacement of IGF-1. With advances in genetic models, we can now test whether the time at which IGF-1 deficiency begins has an impact on lifespan and healthspan by inducing knockdown at specific stages of lifespan.
The present study was designed to assess whether reduction of IGF-1 at unique stages of mammalian development alters healthspan, age-related pathology, and lifespan. We present compelling data that the levels of IGF-1 early during life contribute to age-related disease. IGF-1 actions during the developmental period were found to be critical for the genesis of both agerelated pathology and the regulation of lifespan. Importantly, these effects are highly sex specific. Since it is well known that the highest levels of IGF-1 occur during adolescence and these levels are profoundly influenced by nutrition, body weight, and general health, we propose that the effects of IGF-1 (and possibly other hormones) on healthspan, age-related pathology, and lifespan are established during this early stage of life.
Results
Reduced IGF-1 at distinct time points during the lifespan influences body composition After puberty, circulating levels of IGF-1 in humans continuously decline into advanced age to levels 20-30% of that observed in early adulthood (modeled by dashed line in Fig. 1a) . In wild-type mice, we observed an age-related decline in circulating IGF-1 (Fig. 1a (shadowed area), b, c), however not to the degree observed in humans. Thus, to appropriately model IGF-1 deficiency in humans, we utilized genetic and viral approaches that decreased IGF-1 expression specifically in hepatocytes-the cells responsible for producing a majority of circulating IGF-1. Circulating levels of IGF-1 were reduced at three distinct time points in the mouse lifespan: early in life (LID 10d ), at 5 months of age (LID 5m ), or at 15 months of age (LID 15m ) (Fig. 1a) as previously described (Ashpole et al. 2015 (Ashpole et al. , 2016a . Following IGF-1 knockdown, circulating levels of IGF-1 remained 20-30% of that observed in the aged control mice (Fig. 1b, c) . Analysis of IGF-1 gene expression in the liver and brain at 28 months of age indicated that IGF-1 knockdown was restricted to the liver (Fig. 1d, e) , with no significant change in mRNA levels of IGF-1 in the brains of male or female mice (Fig. 1d, e) .
As an anabolic signaling hormone, IGF-1 has been shown to promote the acquisition of body weight throughout the lifespan. Consistent with this, male mice deficient in IGF-1 starting in early post-natal development (LID 10d ) demonstrated significant less body weight gain by 8 months of age (Fig. 1f) . By 20 months of age, all IGF-1-deficient mice demonstrate an impairment in body weight gain compared to wild-type animals. These impairments were directly related to the time-of-onset of IGF-1 deficiency (Fig. 1f) . The reduced body weight in males was accompanied by a significant reduction in body fat (normalized to body weight) ( Fig. 1g ) and an increase in lean mass (normalized to body weight) (Fig. 1h) . Female LID mice showed a similar reduction in body weight by 20 months of age (Fig. 1i) . However, no changes in fat or lean mass were evident after correction to body weight (Fig. 1j, k) .
IGF-1 deficiency impairs healthspan late in life
Several measures of healthspan were assessed at 25-27 months of age, a time in which mortality was approaching 50%. Animals (n = 10-20) from each group were removed from the lifespan cohort and analyzed in a cross-sectional study (see Supplemental Table 1 for full description of cohort). Circulating IGF-1 deficiency was verified in this cross-sectional cohort at 25-27 months of age (Fig. 2a) . Because of the important negative feedback effects between IGF-1 and GH signaling, the levels of GH in circulation were quantified. Although analysis of pulsatile release of GH was not technically feasible in this cohort, as expected, we observed a significant increase in circulating GH in the presence of IGF-1 deficiency (Fig. 2b) . We also examined adiponectin levels, which have been shown to be important in aging. Adiponectin levels were significantly increased in the LID 5m and LID 15m male mice, with no significant effect in any of the female treatment groups (Fig. 2c) .
Gait analysis is a common measurement of human health and aging; thus, we conducted gait analysis within our cross-sectional cohort at 25-27 months of age using the Noldus CatWalk system. Young mice (4-6 months old) purchased from Jackson Laboratories were included as a reference control. Despite the decreased body weight observed in the aged LID mice, there was no change in the base of support in either the front or hind legs in male or female mice (Fig. 2d) , suggesting that postural width was not altered in these mice. Additionally, there was no change in the velocity of pace within the LID mice, suggesting overall mobility was not altered. Our initial analyses indicated that many of the gait parameters were associated with body weight. Nevertheless, IGF-1 deficiency decreased stride length (Supplemental Fig. 1A-B) , and altered the duty cycle ( Fig. 2e) (the amount of time each foot bears weight while walking) in females. Animals that spend equal time on front/back and left/right feet show a duty cycle ratio of 1. As animals spend more time on one foot (or the front or hind legs), the cycle increases or decreases from this value. In male mice, the duty cycle of young, aged, and IGF-1-deficient mice was close to 1 (Fig. 2e , left panel). However, in aged female mice, the use of front feet to bear body weight was favored over hind feet (p < 0.01, Fig. 2e , right panel). Moreover, LID 10d and LID 5m females exhibited a significant increase in the front to rear duty cycle, when compared to age-matched controls (p < 0.05, Fig. 2e, right panel) . This effect may be related to muscle or ligament dysfunction, kyphosis, or the alterations in bone morphology and strength previously reported in this cohort (Ashpole et al. 2016a, b) .
Male mice exhibited an age-related decrease in grip strength (Fig. 2f ). This effect was not altered by the loss of IGF-1 in the aged LID 10d (Fig. 2f, left panel) , despite the increased lean mass noted in Fig. 1h . The grip strength of the LID 5m and LID 15m males was also not statistically different from the aged controls (Fig. 2f, left  panel) . Additionally, there were no observed differences in the amount of time mice were able to remain on the balance beam (Supplemental Fig. 1C ), or their ability to respond to an eye reflex test (Supplemental Fig. 1D ). There was no significant effect of age or IGF-1 deficiency on the grip strength of female mice; however, the female LID 10d and LID 15m mice show a trend for a decrease compared to young controls (p = 0.1 and 0.16, respectively, Fig. 2f, right panel) .
Spatial learning and memory in a subset of male mice was assessed in the Barnes Maze. Aged control mice exhibited impairments in learning compared to the young reference controls (Fig. 2g) . Furthermore, the LID 10d and LID 5m mice showed impairments in the acquisition phase of learning compared to the aged controls (Fig. 2g) . Due to technical caveats, LID 15m mice were omitted from analysis.
Following behavioral assessment, pathology and disease burden were assessed in the cross-sectional cohort (Supplemental Table 2 ). There were no significant differences in overall disease or cancer burden in any of the male IGF-1-deficient mice (Supplemental Table 2 ). Furthermore, there were no differences in the incidence of lymphoma, hepatocarcinoma, or hemangiosarcoma in the LID males compared to control. Within females, there was a significant reduction in disease burden in the LID 10d group and a trend for a decrease in overall cancer burden (p = 0.1) (Supplemental Table 2 ). The decreased disease burden in the LID 10d females appeared to be related to a significant decrease in pituitary adenomas and reduced glomerular nephritis. IGF-1 deficiency starting in adulthood (LID 5m and LID 15m ) also reduced the incidence of pituitary adenoma, yet there were no global effects on cancer or disease burden in these groups (Supplemental Table 2 ). Together, these data suggest that IGF-1 deficiency did not lead to robust improvements in cross-sectional pathology or behavioral performance in a majority of treatment groups. Rather, IGF-1 deficiency had detrimental effects on animal gait and cognitive abilities, along with trending decreases in grip strength.
Early IGF-1 deficiency increases lifespan in female mice Survival analyses were performed on control and IGF-1-deficient mice, as shown in Fig. 3 and Table 1 . The mean survival of control male mice was 944 days (Fig. 3a) . IGF-1 deficiency beginning at any age did not significantly affect the mean, median, or maximal lifespan in male mice (Fig. 3a-c, Table 1 ). Cox regression and log rank analysis indicated that the overall lifespan of the LID 10d males trended toward a reduced lifespan; however, this effect did not reach statistical significance (p = 0.052 and p = 0.056, respectively). This may be the result of the significant reduction in survival within the first 30% of the survival curve, as revealed by quantile analysis (p = 0.04, Table 1 ). After this point, there was no significant difference between LID 10d and aged control males.
The mean survival of control female mice was 844 days (Fig. 3d ). Early-life IGF-1 deficiency in the LID 10d females resulted in a significant increase in the mean and median lifespan of female mice ( Fig. 3d-f , Table 1 ). Cox regression analysis and log rank analysis indicated that the lifespan of LID 10d females is trending increased, but this did not reach statistical significance (p = 0.08 and p = 0.07, respectively). Nevertheless, IGF-1 deficiency beginning at 5 months of age (LID 5m ) resulted in a robust increase in both the mean and median lifespan (p < 0.01 and p < 0.001, respectively, Fig. 3d , e, Table 1 ). The overall hazard of death is reduced 40% throughout the lifespan of the LID 5m females, as indicated by the Cox proportional hazard ratio. Deficiency beginning later in adulthood (LID 15m ) did not significantly affect the mean or median lifespan (Table 1 ). The maximal lifespan (the final 10%) were modestly increased (2-3%) in all three female LID groups-WT 1062 days vs LID 10d 1088, LID 5m 1091, and LID 15m 1092 days (Fig. 3f) . While several measures of lifespan were increased in the LID 10d and LID 15m females, the LID 5m females were the only group to show consistent lifespan extensions in the Cox regression, log rank, and Boschloo analyses.
IGF-1 deficiency influences disease pathology at end-of-life
End-of-life pathological analyses indicated that cancer was the leading cause of death within this study. There Model of circulating IGF-1 levels throughout mouse life in the various treatment groups (LID 10d , LID 5m , LID 15m ). The black dotted line represents the average human concentrations of IGF-1 throughout the lifespan (scaled to match our study in mice). Average circulating IGF-1 levels were assessed with an ELISA at multiple time points in male (b) and female (c) mice. The solid bar indicates levels at 4-5 months of age, slanted bars indicate 12-15 months of age, and checkered bars indicate 24-25 months of age. The asterisk indicates significant difference from the 4-5-month blood levels while the pound sign indicates a significant difference from control (WT) mice at that age (n = 37-43 in the treatment groups, 113 male controls, and 123 female controls) (p < 0.05). d, e IGF-1 mRNA expression was assessed in the liver (left panels) and brain (right panels) of male (d) and female (e) mice at 25-27 months of age (n = 6-10). Body weight (f), fat mass normalized to body weight (g), and lean mass normalized to body weight (h) was measured in male mice at multiple time points in life. Body weight (f), fat mass normalized to body weight (g), and lean mass normalized to body weight (h) was measured in female mice at multiple time points in life. In panels d-k, the asterisk indicates significant difference compared to WT control (n = 37-43 in the treatment groups, 113 male controls, and 123 female controls) (p < 0.05) were no differences in the incidence of cancer-induced mortality in the aged control, LID 10d , and LID 5m males, each of which showed approximately 65% of deaths induced by cancer (Supplemental Table 3 ). While the overall incidence of cancer-induced mortality was not different between these groups, the LID 10d and LID 5m male mice died of cancer earlier than controls (Fig. 2g) . Interestingly, the LID 15m males had a significant reduction in cancer-induced deaths, with approximately 45% of mice in that group dying from cancer pathology (Supplemental Table 3 ). Despite the decrease in cancer incidence, the LID 15m males that died of cancer died significantly earlier than controls (Fig. 2g) .
Within the female treatment groups, there were no significant differences in the incidence of cancerinduced mortality (Supplemental Table 3 ). However, the onset of cancer-induced death was delayed in the LID 5m and LID 15m female mice (Fig. 3h) . Calculation of Fig. 2 IGF-1 deficiency did not increase healthspan at 25-27 months of age. Average circulating levels of IGF-1 (a), growth hormone (b), and adiponectin (c) in male (left panels) and female (right panels) mice were quantified using ELISAs (n = 12-18 per treatment group, 34-51 for controls). d Base of support and average duty cycle (E, % utilization of each foot) in males (left panels) and females (right panels) was assessed using the CatWalk (n = 13-17 per treatment group, 34-51 for controls). Average grip strength over three trials was assessed using a horizontal force meter at 25-27 months of age in male (left panel) and female (right panel) mice (n = 12-18 per treatment group, 34-51 for controls). Learning and memory was assessed in a subset of male mice using the Barnes Maze. Average path length to the escape box was quantified over 4 days (three trials per day) (n = 8-15 per group). The asterisks indicate a significant difference compared to control animals (p < 0.05) Fig. 3 IGF-1 deficiency beginning earlier in life extends female lifespan. a Survival curve analysis of 121 control (black), 39 LID 10d (red), 44 LID 5m (green), and 38 LID 15m (blue) male mice. Lifespan extension was assessed using the average median lifespan (b) and the average maximal lifespan (c, remaining 10% survival) of male mice in the various treatment groups. d Survival curves of 130 control (black), 38 LID 10d (red), 43 LID 5m (green), and 45 LID 15m (blue) female mice.
Lifespan extension was assessed using the average median lifespan (e) and the average maximal lifespan (f, remaining 10% survival) of female mice in the various treatment groups. The age of cancer-induced mortality (relative to total cancerinduced deaths) was plotted for male (g) and female (h) mice. Sixty-three percent of all deaths were induced by cancer. The asterisks indicate a significant difference compared to control animals (p < 0.05) the rate of death in the LID 10d female mice closely matched the wild-type controls for the first half of the lifespan, and the LID 5m and LID 15m mice thereafter. The reason for this shift is not known, as there was no obvious differences in the cancer pathologies within the short-lived and longer lived LID 10d females. Interestingly, the observed lifespan extension in the LID 5m females (Fig. 3d ) was not associated with reduced cancer incidence or delayed cancer-induced mortality (Supplemental Table 3 and Fig. 3h ). This result suggests that IGF-1 deficiency, lifespan, and cancer-induced mortality were not directly correlated in this experimental cohort. This concept is further supported by data from the LID 15m females, which did not exhibit increased lifespan, but did show delayed cancer-mortality (Fig. 3d, h ).
We next examined individual tissue pathology at the end of life (full description found in Supplemental Table 4 ). Within males, IGF-1 deficiency at any age did not influence the overall number of organs with disease (Fig. 4a) . Disease burden (total disease per animal) was significantly reduced in the LID 10d and LID 5m males (Fig. 4b) , suggesting that higher levels of IGF-1 early in life may be a developmental driver of disease in males. Late life loss of IGF-1 (LID 15m ) did not reduce overall disease load but did lead to a significant reduction in the overall number of cancers observed in each mouse (Fig. 4c) . Once again, these data highlight the discontinuity between IGF-1 deficiency, enhanced lifespan, and decreased cancer.
Female LID 10d and LID 15m mice exhibited significant reductions in the number of organs with disease pathology and overall disease burden (Fig. 4d, e) . While the LID 5m females had the most prominent lifespan extension, no differences in disease burden were observed (Fig. 4e) . Additionally, there was no significant difference in the number of cancers per mouse in the female treatment groups. These data once more separate cancer load from lifespan-LID 5m females lived longer but did not show decreased cancer risk.
Beneficial and detrimental effects of IGF-1 deficiency on specific tissues
Individual tissues demonstrated pleiotropic effects of IGF-1 deficiency. Early in life (LID 10d ), IGF-1 deficiency resulted in significant reductions in the incidence and severity of glomerular nephritis in both male (Fig. 5a ) and female mice (Fig. 5b) . Similarly, LID 5m males and LID 15m females also showed a decrease in the incidence and severity of nephritis (Fig. 5a, b) . Thus, the reduction in IGF-1 was beneficial for kidney-associated pathology in an age-dependent, sex-specific manner.
There were detrimental effects of IGF-1 deficiency as well. Male and female LID 10d and LID 5m mice showed a significant increase in the incidence of hepatocellular carcinoma (Fig. 5c, d ). This is likely associated with the robust increase in GH levels (Fig. 2b) that occurs in response to IGF-1 deficiency, which has been shown to be associated with increased hepatocarcinoma (Gong et al. 2014) .
We previously reported impairments in bone structure and strength within this cohort of animals (Ashpole et al. 2016a, b) . Male LID 15m mice showed a significant increase in the incidence of kyphosis compared to agematched controls (Fig. 5e) . Within females, IGF-1 deficiency beginning earlier in life (LID 10d and LID 5m ) resulted in increased incidence of kyphosis (Fig. 5f ). These data are consistent with our previous studies examining the deficits of IGF-1 deficiency on bone structure and function (Ashpole et al. 2016a, b) , as well as with the alterations in gait analysis observed in these mice (Fig. 2e) . Together, this analysis reveals that the effects of IGF-1 deficiency on tissue pathology are diverse and influenced by sex, tissue, and age-of-onset of IGF-1 deficiency.
Discussion
The levels of circulating IGF-1 undergo dynamic changes throughout the lifespan. IGF-1 concentrations are transiently elevated prenatally but remain low in the early post-natal period. During adolescence, levels of IGF-1 rise dramatically contributing to the growth of the organism and subsequently decrease with advancing age. Despite the profound changes in IGF-1 during the lifespan, there have been no reports that address the importance of IGF-1 during critical periods of life for overall healthspan, age-related pathology, or lifespan. The results presented here represent the first comprehensive analysis of alterations in the regulation of IGF-1 during unique developmental time periods that correspond to the dynamic changes in circulating IGF-1 that occur throughout life. Our results provide compelling evidence that the actions of IGF-1 during development are the primary drivers of lifespan, healthspan, and agerelated pathology. Furthermore, our results demonstrate clear sexually dimorphic actions of IGF-1 and indicate that IGF-1 deficiency induced later during the lifespan, a time point that is relevant for intervention in humans, can reduce cancer risk, and delay cancer mortality in females with no effect on lifespan. It is well known that the function of numerous organ systems decreases with age and contribute to disability.
Although the etiology for this decline is likely due to several interacting factors, previous studies indicate that Fig. 5 Tissue-specific pathology associated with IGF-1 deficiency. The percent mice with glomerular nephritis (left panels) and the average grade of nephritis (right panels) at the end of life in male (a) and female (b) mice. The percent mice with hepatocellular carcinoma in males (c) and females (d), as assessed with histological pathology. The percent mice with lordokyphosis in males (e) and females (f). The asterisk indicates significant difference as assessed using chi-squared analysis muscle and bone mass, reproductive function, as well as cognitive ability are dependent on the levels of circulating growth factors that decrease with age, including IGF-1 (as reviewed by Sonntag et al. (2012) ). Consistent with this concept, work in C. elegans has highlighted that reduced IGF-1/insulin signaling leads to prolonged periods of frailty in aged organisms (Bansal et al. 2015) . Additionally, replacement of GH and/or IGF-1 later in life in rodents have been shown to improve microvascular, vascular, and cognitive function (Markowska et al. 1998; Ramsey et al. 2004; Sonntag et al. 2000) . Nevertheless, the specific role of GH/IGF-1 during aging has remained controversial since there are reports of improved healthspan and lifespan in response to GH/ IGF-1 deficiency (Arum et al. 2014; Coschigano et al. 2000 Coschigano et al. , 2003 Hascup et al. 2016) . For example, studies by Holzenberger indicated that haploinsufficiency of igfr increased lifespan by 33% in females and 16% in males (Holzenberger et al. 2003) . Although this study has been routinely cited in the literature as evidence that IGF-1 signaling in mammals is detrimental to both healthspan and lifespan, the short lifespan of the control animals in this study (∼750 days) compromise interpretation. Follow-up studies where control animals exhibited a normal lifespan did not result in a dramatic extension of lifespan and females exhibited a modest 5-10% increase in lifespan whereas no increase was observed in response to IGF-1 deficiency in males (Bokov et al. 2011; Xu et al. 2014 ). The studies detailed here clearly demonstrate that deficiencies in circulating IGF-1 beginning at or before 5 months of age result in a 15% increase in lifespan in females and that decreases in IGF-1 occurring later in life have little effect. Importantly, early-life IGF-1 deficiency in males exhibits a trend for shortened lifespan (similar to previous reports (Gong et al. 2014) ) and this effect diminishes with later-onset IGF-1 deficiency. These data provide compelling support for the conclusion that the effects of IGF-1 deficiency on lifespan are manifest early during the lifespan and are sex specific. Although some of the inconsistencies that have been evident in the field for the last 20 years can be attributed to low numbers of animals and atypical mortality data, the inconsistent results also reflect the complexity of studying a dynamic endocrine system that demonstrates profound changes in blood concentrations throughout the lifespan.
It is well established that circulating hormones exhibit both organizational and regulatory roles. IGF-1, acting as a classic anabolic hormone and growth factor, has the capacity to influence cellular growth and tissue organization during development and regulate normal cellular and tissue function in adults. There are three mouse models of GH/IGF-1 deficiency that have consistently shown increased lifespan across multiple studies: Ames (prop1 mutation), Snell (pit1 mutation), and ghr knockout mice (as reviewed by Brown-Borg (2015) and Ladiges et al. (2009) ). Each of these models demonstrates a profound reduction in GH and/or IGF-1 initiated early during development. Importantly, more modest reductions in IGF-1 or induction in GH/IGF-1 deficiency later in life has a modest or no effect on lifespan even though there are important changes in age-related pathology (Sonntag et al. 2005) . Consistent with the importance of the developmental effects of GH/ IGF-1, we found that LID 10d and LID 5m females exhibited substantially increased lifespan compared to controls but this effect was absent after 15 months of age. In the present study, the longevity phenotype could not have been due to an overall lifetime reduction in IGF-1 levels since deficiency in IGF-1 beginning at 5 months of age in females exhibited a trend for a greater effect than when it was initiated around day 10. In addition, males exhibited a shorter lifespan with an early life reduction in IGF-1. Thus, despite the general consensus in the field that the GH/IGF-1 pathway is a conserved mechanism of aging, a thorough review of the published literature and our current results do not support this conclusion. Rather, the organizational actions of IGF-1 during development and early adulthood likely underlie its effects on pathology and lifespan.
There has been growing evidence to support the concept that the healthspan of the organism and incidence of late-life pathologies are regulated by events occurring during development-a concept collectively known as the BDevelopmental Origins of Disease.Â lthough the etiology of this regulation is poorly understood, the dynamic changes in IGF-1, especially during adolescence, profoundly influences growth velocity, tissue development, and cellular function and has been reported to have effects on age-related pathology and lifespan (Podlutsky et al. 2017; Sonntag et al. 2005) . In humans, adolescent levels of IGF-1 are highly variable and are influenced by both the environment and nutrition. Interestingly, increasing clinical and experimental evidence suggest that the endocrine milieu present around adolescence activates cellular programs that influence age-related disease, including cerebrovascular disease (Eriksson et al. 1999 Kajantie et al. 2005; Osmond et al. 2007 ). In the present study, we found that glomerular nephritis and overall disease burden were reduced in both males and females in response to early-life IGF-1 deficiency. Nevertheless, only females demonstrated an increase in lifespan. Although lymphoma was the major pathology in animals of both sexes, days until cancer-induced death was one of the best pathological correlates of lifespan. Our results indicated that males with early IGF-1 deficiency exhibit an accelerated cancer-induced mortality rate while days until cancer induced death is slowed in IGF-1-deficient females. In addition, females with early life IGF-1 deficiency exhibited a reduction in the number of organs exhibiting disease pathology at the end of life compared to control animals. A similar pattern was observed for the incidence of cancer. Thus, our results provide compelling data that a reduction in IGF-1 during early life in females has a profound effect on the number, distribution, and progression of cancer. The nature of the sexually dimorphic effects are unknown but clearly merit further investigation.
One of the prevailing concepts in the field is that reduced levels of GH/IGF-1 have the potential to increase longevity by delaying the onset of age-related pathological conditions such as cancer and diabetes. In humans, low levels of IGF-1 and mutations in IGFR have been associated with enhanced longevity in females (Milman et al. 2014; Suh et al. 2008; van Heemst et al. 2005) . Moreover, patients with Laron's syndrome (an autosomal recessive disorder characterized by an insensitivity to GH caused by a mutation in the GH receptor) have been shown to be protected from cancer and diabetes, although these individuals do not live significantly longer than their healthy counterparts (as reviewed by Sonntag et al. (2012) ). In addition to the human studies, several animal models of GH/IGF-1 deficiency have been shown to be resistant to neoplastic disease. Snell dwarf mice and Ames dwarf mice, which have GH/IGF-1 deficiency and also have low very levels of prolactin, and thyroid-stimulating hormone, exhibit reduced incidence of tumors and cancer mortality (Bartke and Brown-Borg 2004; Ikeno et al. 2003 Ikeno et al. , 2009 . Similarly, GHRKO mice also exhibit reduced tumorgenesis as well as delayed onset of tumors . In this study, we also observed a delay in the onset of cancer-induced mortality within our early-life IGF-1-deficient females, although this effect was not present in males. On the contrary, males showed reduced cancer burden when IGF-1 deficiency began in late adulthood, but no difference was observed when IGF-1 was decreased earlier in life. Thus, the developmental time window in which IGF-1 deficiency occurs has a significant impact on long-term cancer risk.
Interestingly, one neoplasm was significantly reduced in all IGF-1-deficient females, independent of the time of onset. Sixteen percent of wild-type female mice exhibited pituitary adenomas, yet no IGF-1-deficient mice exhibited this pathology. This was a sex-specific effect, since pituitary tumors were not observed in male mice. Other studies have highlighted the elevated risk of pituitary tumors in female mice (Radaelli et al. 2009 ). The majority of pituitary tumors in females are prolactinomas that result from loss of tuberoinfundibular dopamine levels within the hypothalamus. The fact that IGF-1 replacement has been demonstrated to preserve the function of these neurons, restore dopamine levels, and suppress prolactin suggests that this effect is not directly related to IGF-1 deficiency but mediated through other indirect mechanisms (Herenu et al. 2007 ).
Based on a thorough review of the pleiotropic actions of IGF-1, the reduced cancer risk with IGF-1 deficiency comes with enhanced risk for other non-neoplastic diseases. In humans, GH/IGF-1 deficiency is associated with cardiovascular disease, reduced muscle and bone mass, neurological deficits, increased body fat, and impaired energy metabolism (Amato et al. 1993; De Boer et al. 1992; Johansson et al. 1995; Merola et al. 1993; van Dam et al. 2005) . These trade-offs are consistent with the results of our recent studies indicating compromised bone health (Ashpole et al. 2016a, b) , reduced lean mass, but no overall reduction in disease burden in our longest-lived IGF-1-deficient females. Other studies have addressed the elevated incidence of cardiovascular disease in IGF-1-deficient rodents (Bailey-Downs et al. 2012a; b; Toth et al. 2014 Toth et al. , 2015 and reported a high incidence of neurological disorders when IGF-1 levels are reduced. Thus, despite potential decreases in cancer risk, IGF-1 deficiency results in an increased risk of disease conditions that impair quality of life and are significant causes of mortality in elderly humans.
One of the rapidly growing areas of interest in the aging field has been the sexual dimorphism evident in many lifespan studies. A recent review highlighted differences in lifespan of wild-type male and female mice (Austad and Fischer 2016) . In our study, male control mice lived ∼10% longer than control female mice. However, our study also indicates that the beneficial effects of IGF-1 deficiency on lifespan extension is limited to females. While the majority of lifespan studies have historically been performed with male mice, several recent studies have indicated that many genetic and pharmacological interventions result in lifespan extension that are sex specific, with only rapamycin affecting both sexes (Harrison et al. 2014; Miller et al. 2011 Miller et al. , 2014 Miller et al. , 2007 . The Interventions Testing Program, designed to test the reproducibility of lifespan studies at multiple testing sites, has validated eight treatments that extend lifespan; seven are unique to one sex. Our lifespan extension in the IGF-1-deficient female mice mirrors the haploinsufficiency of igfr study performed by the Richardson laboratory, where females showed a modest increase in lifespan that was not evident in males (Bokov et al. 2011) . The mechanism(s) underlying the sexual dimorphism of lifespan studies, including those with IGF-1 deficiency, are still largely unknown. It is likely that gonadal hormones are a contributing factor. Agerelated reductions in estrogen have been shown to alter many signals in the HPA axis, cardiovascular system, and nervous system. While changes in estrogen and testosterone may contribute to the dichotomy in aging studies, they are likely not the sole cause. This is underscored by recent data from the ITP program indicating that 17α-estradiol supplementation extended lifespan in male rather than female mice (Harrison et al. 2014) . Considering these findings, it is imperative that further studies be performed to understand the mechanisms underlying the sexspecificity of lifespan extensions.
Summary
Together, our data reveal the complex relationship between the levels of IGF-1 in circulation and its overall impact on health, age-related pathology, and lifespan. Lifespan and healthspan diverge with IGF-1 deficiency. Reduction of IGF-1 beginning early in life leads to increased lifespan in females, with no substantial improvement in the health of these mice. This study also highlights the divergent effects of decreasing IGF-1 at three distinct stages of life: development, early adulthood, and late adulthood. Benefits on lifespan were only apparent when deficiency started early in life, indicating that decreasing IGF-1 levels in late adulthood is not a viable option for increasing lifespan. These data also suggest that the normal age-related reduction in circulating IGF-1 levels is not a robust contributor to enhanced longevity. Importantly, the effects of IGF-1 deficiency are dependent on the sex of the animal and are tissue-dependent. The data presented in this study emphasize the complexities in interpreting studies that examine the consequences of treatments at a single time point, in a single sex, and in a single tissue. IGF-1 is a critical regulator of a variety of cellular functions. As such, robust deviations from the Bnormal^concentra-tions of circulating IGF-1 throughout the lifespan result in substantial changes in several tissues. As studies continue to identify the downstream effectors of IGF-1 signaling and characterize how these effectors change with advanced age, it is imperative to recognize the hormonal fluctuations that occur throughout the lifespan, the pleiotropic nature of IGF-1, and its influence on lifespan and healthspan.
Methods
Animals All procedures were approved by and followed the guidelines of the Institutional Animal Care and Use Committee of OUHSC. Male and female mice homozygous for a floxed exon 4 of the Igf1 gene (igf1
) in a 129/ FVB background were gifted by Shoshanna Yakar and subsequently backcrossed six generations to C57Bl/6 mice in house. A total of 717 mice were enrolled in this study. The lifespan cohort included 508 mice, while an additional 209 mice were included in the cross-sectional cohort. Of the 508 mice in the lifespan study, 4 (0.8%) died prior to the initiation of treatment, while 27 (5.3%) died from unnatural deaths (extensive fighting, cage flooding, complications of whole blood collection, etc.); these animals were omitted from the final analysis.
To target IGF-1 production early in post-natal development, igf1 f/f mice were crossed with mice expressing albumin-driven Cre recombinase (Yakar et al. 1999) , which led to decreased hepatic IGF-1 10-15 days after birth (mice termed liver IGF-1-deficient, LID 10d ). To target IGF-1 production in early and late adulthood, igf1 f/f mice were administered 1.3 × 10 10 viral particles of adeno-associated viruses (AAV8-TBG-Cre or AAV8-TBG-eGFP) via retro-orbital injection, as described (Ashpole et al. 2016b; Toth et al. 2014 ). Similar to albumin-driven Cre, thyroxine-binding globulin (TBG)-driven Cre leads to a hepatocyte-specific knockout of exon 4 (Toth et al. 2014 ) and a reduction in circulating IGF-1. At 5 or 15 months of age, igf1 f/f mice were randomly assigned to treatment groups, given an intraperitoneal injection of ketamine/xylazine (80 mg/ 15 m/kg) for anesthesia and administered 100 μl of virus diluted in physiological saline into the retro-orbital sinus. Purified viruses were purchased from the University of Pennsylvania Viral Vector Core. Mice were monitored in their home cage as they recovered from anesthesia. Two mice died from complications associated with viral injection and were not included in the lifespan study. Mice injected with AAV8-TBG-Cre at 5 months of age were termed LID 5m , while the mice that received injections at 15 months of age were termed LID 15m . Young reference control C57/Bl6J male and female mice (3-4 months of age) were purchased from Jackson Laboratories (Bar Harbor, ME).
Animals were housed (3-4 per cage) in Allentown XJ cages with Anderson's Enrich-o-cob bedding (Maumee, OH). The Rodent Barrier Facility at OUHSC is specific pathogen free (including helicobacter and parvovirus). Mice were maintained on a 14-h light/10-h dark cycle at 21°C and were given access to standard irradiated bacteria-free rodent chow (5053 Pico Lab, Purina Mills, Richmond, IN) and reverse osmosis filtered water ad libitum. At 25-27 months of age, the cross-sectional cohort was harvested using a randomized block design. Sera analysis Whole blood was isolated from the submandibular vein and centrifuged (2500×g for 20 min at 4°C), sera removed, and frozen at −80°C until further analysis. IGF-1, GH, and adiponectin concentrations were quantified using Mouse IGF-1 Quantikine ELISA kit (R&D Systems, Minneapolis, MN), GH ELISA kit (EMD Millipore, Billerica, MA), and adiponectin ELISA kit (EMD). All analytes were measured in duplicate following the manufacturers' recommendations.
RNA analysis Gene expression for specific targets was quantified using the 7900HT Fast-Time PCR System and QuantStudio 12k Flex (Applied Biosystems, Life Technologies, Waltham, MA). RNA was purified from the liver and hippocampus using the RNeasy kit, and cDNA was prepared using Superscript III (Life Technologies). Microfluidic cards containing the target primers were purchased from Life Technologies. All data were normalized to the geometric mean of three housekeeping genes, HPRT, YWHAZ, and β-Actin.
Body composition Lean, fat, and fluid mass were quantified in animals using the Bruker Whole-Body Composition TD-NMR Analyzer (Billerica, MA).
Grip strength Front-and four-paw grip strength were assessed using a horizontal digital force gauge, Chatillon DFIS2 (Ametek, Largo FL). Mean and maximal performance over three independent trials were compared.
Gait analysis Gait analysis was measured using the Noldus CatWalk XT (Leesburg, VA). Mice were placed in the 30 × 7-cm arena and were allowed to walk freely on a fluorescently illuminated glass plate. Upon touch, the light is reflected, allowing for visualization of each footprint. Walking parameters were captured using a video camera mounted under the CatWalk. The run was successful when the animal walked across the arena without stopping or turning. A minimum of two successful runs was necessary for the animal to be included in the analysis. All data were acquired, compressed, cleaned, and analyzed using CatWalk XT software.
Barnes Maze Spatial cognition was assessed using the Barnes Maze. Mice were acclimated to the escape box for 30 s on the day before training and subsequently given three training trials a day for 4 days. Each trial was 90 s long. Animals that did not reach the escape box were directed to the box after the trial ended. Path length, errors, average distance, and success rate were calculated using Noldus Ethovision software.
End-of-life pathology All mice were inspected at least twice daily (between 0700 and 0900 hours and between 1400 and 1600 hours). Mice that died spontaneously were removed from the cage and necropsied, followed by preservation of tissues in 10% formalin. Approximately 2.9% (distributed equally across groups) of the mice exhibited severe autolysis and tissues from these animals were excluded from histopathological examination.
The following organs and tissues were excised for examination: brain, pituitary gland, heart, lung, thymus, aorta, stomach, intestine, liver, pancreas, spleen, kidneys, adrenal gland, urinary bladder, and reproductive system (male: testes, seminal vesicles; female: ovaries, uterus). Any other tissue in which lesions were observed by gross inspection were removed for further examination. Fixed tissues were embedded in paraffin, sectioned at 5 μm, and stained with hematoxylin-eosin. Diagnosis of each histopathological lesion was made using the classifications for aging mouse pathology previously described (Bronson and Lipman 1993; Ikeno et al. 2005 ). See Supplemental Experimental Methods for further pathology description.
Probable cause of death The probable cause of death for each mouse was determined by the severity of the diseases found at necropsy, which was assessed independently by two pathologists blinded to the treatment groups. In the case of neoplastic lesions, grade 3 and 4 lesions were categorized as death by neoplastic disease. For non-neoplastic diseases, lesions that were severe, e.g., grade 4, associated with other histopathological changes (pleural effusion, ascites, etc.) were categorized as death by non-neoplastic disease. In more than 90% of the cases, there was agreement by the two pathologists. In cases where disease was considered not severe enough, the cause of death was categorized as unknown.
Statistical analysis Two independent biostatisticians assisted with statistical analyses in this study. Aside from the survival analysis (described below), data are presented as mean ± SEM. Analysis and figure preparation was performed using SigmaPlot version 11 (Systat Software, San Jose, CA), JMP 11 (SAS, Cary, NC), and SAS. Each animal was classified as a unit of analysis. No differences between the lifespan data for the individual control groups (WT 10d , GFP 5m , GFP 15m ) were observed; thus, the three control groups were pooled and collectively used as the control group. Pairwise multivariate analysis was performed on the entire dataset. When relevant, one-way ANOVA with post hoc Bonferonni testing was used to identify differences between the multiple treatment groups and aged or young controls. Chi-squared analysis was used to compare the percentages of animals in each group with the identified pathology. A p value less than 0.05 was considered statistically significant. Cox proportional hazard model fitting, log rank testing for differences between Kaplan-Meier survival curves, and Boschloo testing for difference in extreme survival were all performed on the survival data with specific functions implemented in the R package survival. Using the distributions of ages at death, we tested among competing models for acceleration in the rate of increase in mortality based on the two-parameter Gompertz model as implemented in the R package eha. Quantile regression, as described in Koenker and implemented in the R package quantreg, was used to compute and compare mean, 30, 50, and 90% survival times for each group (Koenker 2008) . Time until cancerinduced death was studied with similar survival techniques, treating deaths from other causes as censored observations.
